ABSTRACT In this paper, we propose multiple communication systems incorporating an integrated satellite-mobile system (iSMS) and an autonomous terrestrial-mobile system (aTMS), and a technique to share multiple reused spectrum bands of iSMS and aTMS with in-building small cell base stations (SBSs) of aTMS by exploiting high external wall penetration loss of a building. The aTMS consists of a set of small cells enabled with either a single-band or multiband and deployed in a number of buildings. The iSMS consists of a satellite station integrated with the complementary ground components (CGC) stations which are deployed alongside small cells one-to-one basis. An interference management scheme to coordinate interference, a global resource scheduler to allocate resources, and an algorithm for the technique is proposed. We derive expressions for capacity, spectral efficiency, and energy efficiency under various SBS configurations for L buildings where L ≥ 1. An optimal value of L satisfying both energy and spectral efficiencies and an optimal number of almost blank subframes (ABSs) are derived. With extensive analysis, we show that the spectral efficiency improves linearly with the number of spectrum bands per SBS as well as L. However, the energy efficiency improves largely for low values o L and is hardly affected by the number of spectrum bands per SBS. An optimal value of L is obtained by choosing a slope on the energy efficiency curve for 0 ≤ L ≤ 100. The multiband enabled SBSs to provide with the best capacity, spectral efficiency, and energy efficiency performances of all SBS configurations. Furthermore, we show that the proposed technique outperforms several existing techniques in terms of energy efficiency, spectral efficiency, and average capacity per user equipment (UE) and can surpass the requirements of spectral and energy efficiencies for the fifth generation (5G) systems. Finally, we point out the significance, challenges, and future research perspectives of the proposed technique.
I. INTRODUCTION A. BACKGROUND AND MOTIVATION
Coverage and capacity are two important performance metrics that play a vital role in wireless communication systems (WCSs) . Though there exists a number of WCSs, factors such as irregularity in terrain profiles cause any communication system itself to appear to be insufficient to address these two major metrics. For example, satellite communication systems suffer from low link capacity and coverage blockage in
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indoors, whereas terrestrial-mobile communication systems suffer from providing a large coverage and irregular terrains such as mountains and seas. However, the above bottlenecks of one system can be overcome by the other if both systems can cooperate with each other resulting in the satellite and terrestrial mobile communication system.
When both satellite and terrestrial-mobile systems are governed by the same network and resource management entities, operated at the same frequency (i.e., single mode), and shared with a common core network, such cooperative systems are termed as integrated satellite and terrestrial-mobile systems (e.g., TerreStar). In integrated satellite and terrestrial-mobile systems (iSMSs), the terrestrial component is complementary and works as part of the system. Because of being supportive to one another, radio station licenses [1] have been granted by telecommunications regulatory bodies to satellite networks so that a complementary ground component (CGC) in Europe and ancillary terrestrial component (ATC) in North America can be included [2] , which are literally termed as integrated mobile-satellite service (MSS) with ATC or MSS/ATC networks.
On the contrary, if satellite and terrestrial-mobile systems are governed separately and operated typically at different frequencies (i.e., dual mode) under certain negotiations, each with its own core network, then they are termed as hybrid satellite and terrestrial-mobile systems (e.g., Thuraya) [3] . In the existing literature, numerous research contributions can be found on both the hybrid [4] - [7] and the integrated [8] , [9] satellite and terrestrial-mobile systems addressing mainly the co-channel interference issues. However, instead of both the standalone satellite and terrestrial-mobile systems, a hybrid satellite and terrestrial-mobile system may also consist of an iSMS and an autonomous terrestrial-mobile system (aTMS).
B. RELATED WORK
In [10] , the overall system features for a hybrid satellite and terrestrial-mobile system have been proposed and described to show various modes of communication where CGCs working as repeaters are considered standalone or collocating with the terrestrial cell sites to provide coverage in areas where satellite signal strength is poor. On the other hand, the satellite provides coverage to those areas uncovered by the CGCs and terrestrial cell sites, and terrestrial cell sites provide coverage in areas outside the satellite and CGC regions. Note that CGCs can operate with a satellite as either active base stations (i.e., CGCs type 1) or repeaters (i.e., CGCs type 2) depending on the purposes to be served. Hence, we can view the overall system as a hybrid system consisting of an iSMS with CGC type 2 and an aTMS.
Further, in [11] , it has been proposed that traditional land mobile radio (LMR) systems can be deployed with an iSMS to use its resources. In such cases, the LMR system can be provided along with the iSMS handset to allow advanced features such as push-to-talk capabilities in order to ensure sufficient coverage and capacity in case of emergencies. This also implies that an additional radio system can be deployed to reuse resources of an iSMS. Hence, based on the above researches, it is obvious that an aTMS may collocate with an iSMS to share the satellite spectrum of iSMS with the aTMS to boost its capacity. In such hybrid iSMS and aTMS, two types of terrestrial-mobile systems (TMSs) exist, one of them integrated with the satellite component, and the other is independent of the satellite component. In general, as mentioned before, aTMS operates at a different frequency from that of iSMS and has a separate network management system. However, in TMSs, since most data is generated indoors particularly in urban areas, it becomes a major concern of how to address the high data rate demand of users in multistory buildings. In such cases, small cells in indoor environments can play an important role on providing with high data rate services by sharing satellite spectrum with them because of their small coverage that helps receive strong signals within short distances and a high external wall penetration loss of a building. Hence, indoor small cells of aTMS could operate also in the same frequency as that of iSMS. In line with so, Federal Communications Commission (FCC) proposed to make available of 100 megahertz of spectrum for sharing between satellites and small cells in the 3.5 GHz band [12] . Moreover, recently a study item for provisioning Non-Terrestrial Networks [13] , including iSMSs and standalone satellite systems, for the fifth generation (5G) mobile networks have been initiated by the Third Generation Partnership Project (3GPP) standardization bodies [14] . However, reusing the same satellite spectrum in the small cells of aTMS causes to generate significant co-channel interference mainly with the terrestrial component of the iSMS. This, in turn, necessitates a robust co-channel interference management scheme such that the co-channel interference between small cells of aTMS and CGCs of iSMS is within a limit.
But, researches on spectrum sharing and hence the management of co-channel interference generated between satellites and small cells particularly in indoor environments are not so apparent. A few works in this direction have been carried out. For example, in [15] , small cells have been considered to share the same spectrum at 3.5 GHz band with the satellite. By sharing the same satellite spectrum with small cells, the authors have then analyzed the generated interference between the fixed-satellite service system and small cells deployed in both outdoor and indoor along with highlighting opportunities and challenges. Recently, in [16] , the authors also investigated the hybrid satellite spectrum sharing with in-building small cells of TMS by addressing several challenges such as co-channel interference between small cells and satellite user equipments (UEs) and showed the improvement in spectral and energy efficiencies by offloading satellite UEs within a building to the small cells of TMS.
C. PROBLEM STATEMENT
Even though several types of research on either hybrid or integrated satellite-terrestrial mobile systems have been carried out, including interference analysis and mitigation techniques as well as frequency reuse mechanisms in TMSs, no research works yet have addressed recommending a hybrid integrated satellite-mobile system and autonomous terrestrial-mobile system (iSMS/aTMS) and developing an explicit spectrum sharing technique for the system that can deal with the issue of co-channel interference generated due to being collocated of the terrestrial CGC system to serve satellite UEs with the small cell networks to serve terrestrial small cell UEs by reusing satellite spectrum in small cells in 3-dimensional (3D) buildings. Further, since an increase in the number of spectrum bands per small cell base station (SBS) has a direct impact on the achievable capacity by the SBS, the issue of operating small cells at multiple spectrum bands simultaneously in a hybrid iSMS/aTMS has not been addressed so far. Furthermore, since with the change of mode of operation between the satellite and CGC stations in an iSMS as well as the mode of operation between an iSMS and an aTMS result in corresponding changes in overall co-channel interference phenomenon, this investigation has been left unaddressed leading to the exploration of different deployment scenarios of the system architecture and possible interference mitigation scenarios.
D. CONTRIBUTION
In line with [10] and [11] , in this paper, we propose a potential hybrid system for 5G and beyond mobile networks where SBSs of an aTMS are co-located with CGCs of an iSMS within 3D buildings, plus a spectrum sharing technique in order to share the radio spectrum of the iSMS with SBSs to avoid investment from licensing operating spectrum of in-building SBSs but to enhance spectral and energy efficiencies of aTMS. Satellite UEs within a building are served by indoor CGC stations, and whereas those outside the building are served by either outdoor CGC stations or the satellite station itself. More specifically, we aim to contribute the following in this paper.
• We propose multiple communication systems incorporating an iSMS/aTMS. Based on the mode of operation, we present a technique to realize a number of deployment scenarios and analyze the corresponding interference characteristics of the proposed system.
• We then propose a spectrum sharing technique for the proposed system considering the reuse of the whole satellite spectrum to small cells within a 3D building. An interference management scheme to avoid co-channel interference existing between any CGC station and any SBS within a building is presented using the almost blank subframe (ABS) based enhanced inter-cell interference coordination (eICIC) technique under two scenarios, namely a single-band enabled small cells and multiband enabled SBSs.
• An algorithm for the proposed spectrum sharing technique for all UEs in both single and multiband cases is proposed. Further, the existence of a global time-domain resource scheduler employing the ABS based eICIC technique is emphasized for the proper allocation of spectrum resources to different categories of UEs.
• We derive in detail the capacity, spectral efficiency, and energy efficiency performance metrics for the number of buildings L ≥ 1. An optimal value of L that can satisfy both energy efficiency and spectral efficiency requirements is derived. Further, the traffic activity of in-building UEs is analyzed to estimate an optimal number of ABSs.
• We then evaluate the performance of the proposed technique for a number of evaluation scenarios and show the outperformance of the proposed technique over existing ones. Finally, we discuss research significance, challenges, and future research perspectives of the proposed system and spectrum sharing technique.
E. LIMITATION AND ORGANIZATION
Our focus in this paper is to propose multiple communication systems, i.e. hybrid iSMS/aTMS, and to develop a technique for the system to share the satellite and aTMS spectrums with the terrestrial in-building SBSs to increase overall terrestrial-mobile network capacity. Hence, the performance evaluation is limited to terrestrial-mobile systems only. The paper is organized as follows. In section II, the proposed system, deployment scenarios, and corresponding interference analysis are given. The spectrum sharing technique and the interference management scheme are discussed in section III, and an algorithm for the proposed technique along with the global resource scheduler is detailed in section IV. In sections, V and VI, performance metrics for L ≥ 1 in terms of system capacity, spectral efficiency, and energy efficiency are derived in detail and comprehensible, and an optimal value of L is deduced under certain constraints. The arrival of UEs such as satellite UEs and indoor macro UEs, into a building, is modeled, and an optimal number of ABSs are deduced in section VII. A comprehensive performance evaluation is carried out in section IX, and the outperformance of the proposed technique over existing ones is shown. Finally, significance, challenge, and future research perspectives are discussed in section IX. We conclude the paper in section X.
F. DECLARATION
Note that, a small part of this paper [17] , concerning only the single-band enabled SBSs, is submitted to 2019 IEEE Global Communications Conference, Waikoloa, HI, USA. The conference article [17] is extended considerably in terms of enhancement of background material, expansion of discussion, and inclusion of new problems and corresponding solutions. More specifically, (1) in addition to a single-band enabled SBSs in [17] , multiband enabled SBSs in two cases, based on whether or not the QoS for UEs is provisioned, are analyzed by deriving the system level capacity, spectral efficiency and energy efficiency performance metrics, followed by discussing the relative outperformance of multiband over a single-band enabled SBSs. (2) Further, a technique to realize numerous deployment scenarios of hybrid iSMS/aTMS and corresponding interference phenomenon are analyzed. (3) Major challenges to enable realizing the sharing of both satellite and aTMS spectrums with multiband enabled in-building small cells are identified, and corresponding solutions to address these challenges are proposed. (4) Moreover, the significance, challenges and future research perspectives of the proposed hybrid system and spectrum sharing technique are discussed broadly. Conference materials whenever used in terms of texts are rewritten, and figures are reproduced with citations. Finally, this paper is written comprehensively such that readers will find it self-contained, detailed, and complete unlike its conference version [17] . A list of abbreviations in Table 1 and a list of notations in Table 2 are given below. 
II. PROPOSED SYSTEM, DEPLOYMENT SCENARIO AND INTERFERENCE ANALYSIS
A. PROPOSED MULTISYSTEM Figure 1 shows the proposed multiple communication systems, i.e. hybrid iSMS/aTMS, incorporating an iSMS and an aTMS wherein the iSMS consists of a space-satellite station that serves satellite UEs only in outdoor environments and is integrated with a CGC station that serves satellite UEs in both outdoor and 3D in-building indoor environments (Fig.2) . The aTMS consists of a heterogeneous mobile network that operates independently. A TMS operator has the sole privilege to control and manage its mobile network resources and policies autonomously. The heterogeneous network includes a set of small cells, e.g. femtocells, which are deployed in a number of 3D buildings located within the coverage of its macrocell. Note that CGC stations are terrestrial components of iSMS that are deployed indoor to provide good satellite signal coverage to satellite UEs, whereas small cells are the part of aTMS that are also deployed indoor to provide good mobile signal coverage to mobile UEs since both satellite signals of iSMS and mobile signals of aTMS are poor in indoor environments.
For convenience, we refer to satellite UEs served by CGC stations as CGC UEs. For simplicity, we show only one 3D building in Fig.1 and assume that each small cell is collocated with a CGC station such that the number of CGC stations and the number of small cells per building is the same, even though in practice these numbers can be different. Hence, in any building, two terrestrial systems, namely the CGC system and the small cell system of the aTMS exist. Each system has an equal number of base stations, and a pair of base stations one from each system is assumed to be collocated in the center of each apartment within any building. Each SBS operates at either a single-band or multiband spectrum. However, each CGC station operates only at a single-band, i.e. the satellite spectrum.
A certain percentage of macro UEs is considered within buildings i.e. indoor, and a number of macro UEs are offloaded by picocells. The rest of the macro UEs is considered outdoor, located within the macrocell coverage. All macro UEs can transmit only at the spectrum of the TMS and are served by the macrocell itself. Each floor of a building is modeled as a set of regular square-grid apartments. A small cell and a CGC station are deployed in each apartment. The transmit power of both the small cells and the CGC stations are assumed the same, and hence from now onward all interference constraints applied to small cells are also equally applicable for CGC stations given that the operating bandwidth of a small cell and a CGC station is the same. Each SBS or each CGC station has coverage equal to the area of the apartment and is placed in the center of the ceiling of the apartment. Small cell UEs and CGC UEs are distributed uniformly on the floor of each apartment to get served by either an SBS or a CGC station. Depending on the user traffic demand, each SBS in a building is scheduled for user data transmission. We assume that there exists an agreement between the aTMS operator and the iSMS provider so that in-building small cell UEs of aTMS can use the spectrum of iSMS exclusively as shown in Fig.1 .
Because an iSMS uses a common network and resource management system and a common core network, the satellite system is either a geostationary earth orbit (GEO), a Medium Earth Orbit (MEO), or a low earth orbit (LEO). For example, the satellite/ground interworking policy server (SGIPS) is defined in long-term evolution (LTE) based iSMS [3] for interworking and controlling resources as well as cooperating and exchanging information between CGC and satellite components. This allows defining any specific handover procedure [10] for satellite UEs to minimize or to avoid the impact of speed of satellite on UEs' handover from one component system to another. Further, the operating frequency of the satellite system is either the L-band or the S-band due to the suitable satellite signal propagation characteristics in these bands as well as the consistency with the FCC recommended 3.5 GHz band for sharing with small cells of a TMS.
B. DEPLOYMENT SCENARIOS AND INTERFERENCE ANALYSIS 1) DEPLOYMENT SCENARIOS
There are four possible ways we can deploy the proposed multiple communication system based on the mode of operation of the satellite component system with respect to the CGC component system of the iSMS as well as the mode of operation of the aTMS with respect to the iSMS, namely normal-normal-normal mode, normal-reverse-reverse mode, reverse-normal-reverse mode, and reverse-reverse-normal mode of operations as shown in Figs.3-6. For each deployment scenario, the first term and the third term define the mode of operation of the autonomous terrestrial-mobile system with respect to the integrated satellite-mobile system, and the second term defines the mode of operation of the satellite component system with respect to the CGC component system of the integrated satellite-mobile system. Note that in Figs.3-6, oSU represents an outdoor satellite UE, iSU represents an indoor satellite UE, iCGC represents an indoor CGC station, and SSS represents the space-satellite station. Further, SBS (i.e., femtocell base station) implies an indoor small cell base station, and SCUE (i.e., femtocell UE) implies indoor small cell UE. Each of these alternative deployment scenarios of the proposed system causes to change in the overall interference scenario, which is discussed in the following section.
2) INTERFERENCE ANALYSIS
We consider discussing the interference scenarios for the normal-reverse-reverse mode of operation as shown in Fig.4 in the following. However, all other modes of operation can be explained in a similar way since the change in interference scenarios relates directly to the change in the mode of operation between systems. Hence, for the normalreverse-reverse mode of operation, aTMS operates in normal mode with respect to the satellite station and in reverse mode with respect to the CGC station. However, the satellite station operates in reverse mode with respect to the CGC station. Figure 4 shows the interference scenarios when the satellite and the terrestrial components system (i.e., CGC system) of iSMS operate in reverse mode such that f oSU→SSS = f iCGC→iSU and f SSS→oSU = f iSU→iCGC . Let f 1 and f 2 denote two arbitrary frequencies in opposite directions of any link. Assume that for the satellite components system, f SSS→oSU = f 2 and f oSU→SSS = f 1 . Similarly, for the terrestrial CGC components system, f iCGC→iSU = f 1 and f iSU→iCGC = f 2 . Note that the transmission frequency of the desired signal of the satellite station f SSS→oSU = f 2 and the reception frequency of the desired signal of the CGC UEs f iCGC→iSU = f 1 are different. Hence, interference links at frequencies f SSS→iSU and f iSU→SSS do not exist in reverse mode (Fig. 4) .
The same situation can be observed for the non-existence of interference links between the CGC station and the satellite UE. Hence, the co-channel interference between the CGC station and the satellite UE as well as the interference between the CGC UE and the satellite station are completely eliminated.This causes four interference links existing in the reverse mode of iSMS as shown in Fig.4 , of which two of them exist between any CGC station and the satellite station, and the other two exist between any satellite UE and a CGC UE as follows.
• From a space-satellite station (SSS) to a CGC station, • From a CGC station to a SSS, • From a CGC UE to a satellite UE, and • From a satellite UE to a CGC UE. Since like the terrestrial CGC components system, in-building small cells of aTMS also shares the same satellite spectrum, the above explanation is equally applicable for the interference links exists between the terrestrial CGC components system and SBSs of the aTMS as well as the aTMS and the satellite components system. For example, for the CGC components system, f iCGC→iSU = f 1 and f iSU→iCGC = f 2 . Similarly, for SBSs of aTMS, f SBS→SCUE = f 2 and f SCUE→SBS = f 1 . Hence, the transmission frequency of the desired signal of the CGC components system f iCGC→iSU = f 1 and the reception frequency of the desired signal of SBSs of aTMS f SBS→SCUE = f 1 are different. Similarly, f iSU→iCGC = f 2 and f SCUE→SBS = f 1 are different such that the terrestrial CGC components system and the SBSs of aTMS operate in reverse mode with respect to one another, and as follows, four potential interference links exist.
• From a CGC station to an SBS • From an SBS to a CGC station • From a CGC UE to a small cell UE • From a small cell UE to a CGC UE Hence, based on above analysis, in reverse mode of operation, the co-channel interference between a network access node of one components system and a UE of the other components system are completely eliminated because the transmission frequency of the network access node of one components system is not equal to the reception frequency of the UE of the other components system and vice versa. VOLUME 7, 2019 In similar, for the satellite components system, we assume that f SSS→oSU = f 2 and f oSU→SSS = f 1 . Similarly, from Fig.4 , for small cells of aTMS, f SBS→SCUE = f 2 and f SCUE→SBS = f 1 . This implies that the satellite components system and small cells of the aTMS operate in normal mode to each other, resulting in four interference links, of which two of them exist between an SBS of aTMS and a satellite UE, and the other two exist between a small cell UE of aTMS and the SSS as follows.
• From a satellite UE to an SBS, • From an SBS to a satellite UE, • From the SSS to a small cell UE, and • From a small cell UE to the SSS. Hence, in the normal mode of operation, the co-channel interference between network access nodes as well as between UEs of both components systems are completely eliminated because the transmission frequency of the network access nodes as well as the reception frequency of the UEs of both components systems is the same.
III. PROPOSED SPECTRUM SHARING TECHNIQUE AND MAJOR CHALLENGES

A. PROPOSED SPECTRUM SHARING TECHNIQUE
The proposed spectrum sharing technique considers reusing the whole satellite spectrum of an iSMS to small cells of each 3D building of aTMS subject to the existence of any satellite UE within the coverage of a small cell in the building. Note that CGC stations of iSMS operate at the same frequency as that of the SSS. All satellite UEs are served only by CGC stations, and all small cell UEs are served only by SBSs within a building. Since two terrestrial systems, namely the CGC system and the aTMS, co-exist in any building and operate at the same satellite spectrum, a significant level of co-channel interference occurs between them. This co-channel interference generated because of sharing the whole satellite spectrum with the CGC stations of iSMS as well as the SBSs of aTMS is avoided by employing the ABS based eICIC technique to both systems coordinated by a global time-domain resource scheduler, depending on the number of spectrum bands that each small cell in a building is enabled with.
B. MAJOR CHALLENGES
To enable reusing satellite and aTMS spectrums in small cells within a building, the following major challenges need to be addressed.
1) CHALLENGE 01
How to define the condition for optimality in both spectral and energy efficiencies?
a: HOW TO ADDRESS
Since spectral efficiency is a linear function of the bandwidth, an increase in the number of times of sharing the spectrum spatially, denoted as L, results in a proportionate increase in spectral efficiency. This is however not the case for energy efficiency since energy efficiency is the ratio of the transmit power per unit capacity, i.e. it is a nonlinear function of both the transmit power and L. Hence, unlike spectral efficiency, energy efficiency may not improve significantly after certain values of L such that there should be an upper limit of L which can provide an optimal performance in both spectral and energy efficiencies. Note that because the whole satellite spectrum is shared with small cells per building, we basically need to find an optimal number of buildings of small cells L that can result in optimal performance in both the spectral and energy efficiencies.
2) CHALLENGE 02
Necessity of tight coordination and control signaling.
a: HOW TO ADDRESS
Both CGC stations and SBSs follow the discontinuous transmission of power to save transmit power and hence to improve energy efficiency. Both CGC stations and SBSs are coordinated by the global resource scheduler to avoid transmission simultaneously to UEs in order to overcome co-channel interference. Note that either a CGC station or an SBS keeps serving its UE so long as a UE exists within their respective coverages. An absence of a UE triggers automatically the respective base station to go to sleep mode and to wake up when there is a request from a UE to serve it. Considering the UE controlled sleep mode for any small cell (or a CGC station), a small cell UE (or a satellite UE) broadcasts periodic wake-up signals in order to wake-up small cells (or CGC stations) within its range to connect directly through a small cell (or a CGC station). Note that the small cells, as well as CGC stations, are assumed to retain the capability to receive wake-up signals in sleep mode and transition to active mode when receiving such signals [18] . Such situations require tight coordination and timely update of states of each base station, which otherwise causes huge co-channel interference between the two categories of base stations.
3) CHALLENGE 03
A satellite UE, because of operating at the same satellite spectrum, whenever exists within the coverage of any CGC station in the building, generates co-channel interference either with the SBS or with its small cell UE.
a: HOW TO ADDRESS
If SBSs are quality-of-service (QoS) enabled, the interference is avoided by enforcing the ABS based eICIC technique to the CGC station and SBS such that the CGC station serves during ABSs and the SBS serves during non-ABSs. However, for non-QoS enabled SBSs, a CGC station is allowed to serve its UEs so long as it has a UE within its coverage while SBSs are switched off from transmitting. SBSs are allowed to serve their UEs only when the CGC station stops serving to avoid co-channel interference between them.
4) CHALLENGE 04
How to enable SBSs with multiple reused spectrum bands? 77576 VOLUME 7, 2019
a: HOW TO ADDRESS
Since in addition to the satellite spectrum, the aTMS spectrum can also be reused to in-building SBSs to boost the capacity further, SBSs can be enabled with multiple spectrum bands, i.e. satellite as well as aTMS spectrum bands. This, however, causes any macro UE when existing within the coverage of any in-building SBS to generate co-channel interference with the aTMS spectrum operated transceiver of the corresponding SBS. We address this issue by developing an interference management strategy to avoid co-channel interference between any indoor macro UE and an SBS using the ABS based eICIC technique such that only one of these two categories of BS, i.e. either macrocell base station (MBS) or SBS, can operate at any transmission time interval (TTI).
5) CHALLENGE 05
Since, in general, the number of satellite UEs as compared to the small cell UEs is low enough during any given interval of time, the fairness in resource allocation between the satellite UEs and the small cell UEs cannot be guaranteed.
a: HOW TO ADDRESS
In such cases, in order to ensure the QoS with a fair allocation of radio resources between the small cell UEs and the satellite UEs within a building, we propose to employ the time-domain ABS based eICIC technique with CGC stations and SBSs in a building such that the satellite UEs are served during ABSs, whereas the small cell UEs are served during non-ABSs by in-building SBSs.
6) CHALLENGE 06
How to find an optimum value of the number of ABSs to ensure fairness?
a: HOW TO ADDRESS
Because the number of TTIs for any category of UEs over an ABS pattern period (APP) is fixed, an increase in the number of UEs of any category needs a proportionate increase in TTIs allocated to that category of UEs to keep the average capacity per UE the same. We resolve this issue by finding an optimum value of the number of ABSs in percentage of the APP based on the ratio of the average number of satellite UEs to the average number of small cell UEs per building over certain duration of time T . As the ratio of the UEs of both categories varies, the distribution of ABSs and non-ABSs also varies in accordance dynamically.
7) CHALLENGE 07
How to manage spectrum resources (distributed or centralized) considering the fact that the satellite spectrum resource is shared with in-building SBSs?
a: HOW TO ADDRESS
Since the satellite spectrum is reused with in-building SBSs, we consider separating the time-domain and FIGURE 7. Interference scenario in a typical satellite-and terrestrial-mobile system where SCUE and SUE define respectively small cell UE and satellite UE.
frequency-domain resource scheduling functionalities such that a global time-domain resource scheduler schedules the satellite spectrum centrally in time-domain; whereas the frequency-domain scheduling functionalities are distributed with the SBS ends. The global time-domain scheduler for the satellite spectrum updates and informs the frequency-domain scheduler per building of the APP in every certain duration of time to update all CGC stations and SBSs per building. Note that the aTMS spectrum sharing with SBSs per building also follows the same principle as for the satellite spectrum, and the global time-domain scheduler for the satellite spectrum can be located at the MBS alongside the aTMS time-domain scheduler.
IV. INTERFERENCE MANAGEMENT, ALGORITHM, AND GLOBAL RESOURCE SCHEDULING A. INTERFERENCE MANAGEMENT
For simplicity, we limit discussing the interference management to a single in-building scenario. Using Figs.3-6, in general, there are in total eight possible co-channel interference links that may exist in a satellite-and terrestrial-mobile system when both the SSS and the TMS operate at the same satellite spectrum as shown in Fig.7 [19] . The interference management strategy is described in the following by applying the proposed spectrum sharing technique to only the NormalReverse-Reverse mode of operation of a hybrid iSMS and aTMS shown in Fig.4 . However, the interference management strategy for three other deployment scenarios shown in Figs. 3, 5, and 6 can be explained similarly.
Note that, due to a long distance of a CGC station, an SBS, and a small cell UE within any building from the SSS as well as the existence of a huge external wall penetration loss of any building, the interference signal strength between the SSS and either a CGC station, an SBS, or a small cell UE within any building can be considered negligible for both modes of operation. That's why we limit our focus on managing only the interference that exists in the terrestrial systems. Recall that there are two terrestrial systems, namely VOLUME 7, 2019 the CGCs of iSMS and the SBSs of aTMS that exist in each building. Techniques particularly the ABS based eICIC developed for 3GPP Release 10 is applied to address these interference links. The ABS based eICIC is a time-domain eICIC technique where victim UEs are allocated to only the ABSs to avoid co-channel interference from other network nodes [20] . Other than the reference signals, control and data signals are not scheduled to the ABSs. In the following, we discuss approaches of how to avoid the co-channel interference links existing between the CGC system and the SBSs of aTMS under two scenarios, namely single-band and multiband enabled SBSs.
1) APPROACH 1 -WHEN SBSS OPERATE AT A SINGLE SATELLITE SPECTRUM
For a single-band enabled SBSs where SBSs are enabled only with the satellite spectrum such that both the CGC stations and the SBSs within a building operate at the same satellite spectrum. All indoor satellite UEs are served only by the CGC stations, and all small cell UEs are served by the SBSs within a building. Whenever a satellite UE exists within the coverage of a CGC station in a building, the corresponding CGC station starts serving the satellite UE with a collaboration using the SGIPS, a common network resource management entity in iSMS, during ABSs over the whole satellite spectrum. All SBSs of the corresponding building then stop serving their small cell UEs. SBSs can serve their own UEs only during non-ABSs (Fig.8) . However, if no satellite UE does exist within a building, all SBSs in a building can serve their respective small cell UEs in all TTIs, assuming that the control signaling for the CGC stations is negligible. Note that, since the iSMS is an integrated system, indoor satellite UEs are served by the CGC stations, not by the satellite station, to provide good in-building coverage. Since indoor macro UEs operate at the aTMS spectrum, no co-channel interference occurs between indoor macro UEs and singleband enabled SBSs and their UEs.
2) APPROACH 2 -WHEN SBSS OPERATE AT MULTIPLE SPECTRUMS
If SBSs are enabled with multiple spectrum bands, namely aTMS spectrum and the CGC spectrum, SBSs can be operated at both bands simultaneously using the ABS based eICIC technique as follows. If an indoor macro UE is present within the coverage of an SBS in a building, SBSs can operate at the aTMS spectrum during non-ABSs, and indoor macro UEs can operate during ABSs as shown in Fig.9 . If no indoor macro UE exists, all SBSs within a building can operate in all TTIs. However, we consider that the satellite spectrum can be used by SBSs in two cases based on whether or not the ABS based eICIC technique is applied to SBSs operating at the satellite spectrum for provisioning QoS for small cell UEs as follows.
a: CASE 1: -QoS IS PROVISIONED FOR SMALL CELL UEs
Like single-band enabled SBSs, if the ABS based eICIC is applied to SBSs, SBSs can operate only during non-ABSs, whereas CGC stations can operate during ABSs if at least a satellite UE is present within a building. Otherwise, SBSs can operate in all TTIs at the satellite spectrum as shown in Fig.8 .
b: CASE 2 :-NO QoS IS PROVISIONED FOR SMALL CELL UEs
If the ABS based eICIC is not applied to SBSs, the satellite spectrum can only be used by SBSs in a building when no satellite UE exists within the building as shown for the satellite spectrum in Fig.9 . CGC stations can operate at the satellite spectrum in all TTIs so long as a satellite UE is present within the building, whereas SBSs can get access to the satellite spectrum only at the absence of all satellite UEs within the building and continue to operate at the satellite spectrum until the next arrival of any satellite UE.
Hence, for the multiband enabled SBSs, the aTMS spectrum can be used as an additional spectrum to boost the indoor signal strength and coverage on top of the default satellite spectrum subject to the application of the ABS based eICIC technique to SBSs operating at the satellite spectrum.
B. ALGORITHM FOR INTERFERENCE MANAGEMENT AND SPECTRUM SHARING
Algorithm 1 describes the logical operation of the iSMS/aTMS to address the interference management strategy described above when small cells are operating at either a 
C. GLOBAL RESOURCE SCHEDULING
In order to coordinate the existence of the satellite UEs and the operation cycle of the CGC stations and the aTMS's small cell systems, a global time-domain resource scheduleris employed so that the radio resources can be allocated properly to both the CGC system and the small cell network. Any satellite UE in the uplink when moving from the outside into the building can help inform either the satellite station if it is served by the satellite station, or the CGC station if it is served by the outdoor CGC station, its existence within the building with the physical cell identity (ID) of the CGC station that is going to serve it within the building.
The global time-domain resource scheduler then informs the frequency-domain scheduler of the 3D building, wherein the corresponding in-building CGC station is deployed, to mute transmission of all the SBSs within the building during ABSs of the ABS based eICIC technique. It also informs the in-building CGC station to take over all the radio bearers' continuity of the satellite UE from either the satellite station or the outdoor CGC station. Small cells are allowed to transmit during non-ABSs. An optimal value of the number of ABSs to operate both CGC systems and small cell networks is needed to derive in order to provide QoS to both satellite and small cell UEs.
V. PERFORMANCE METRICS ESTIMATION FOR A SINGLE BUILDING A. MODELING HYBRID iSMS/aTMS
Assume that the coverage of a macro cell of aTMS lies completely within the coverage of a satellite beam. Since our main focus is on sharing satellite spectrum with aTMS, for simplicity, we restrict the modeling to aTMS only in what follows. However, such an approach does not necessarily affect the overall iSMS/aTMS modeling. Consider that there are N macro UEs of aTMS, and W satellite UEs of iSMS within the coverage of a macrocell of aTMS. Let µ WI denote the ratio of the number of indoor satellite UEs, then the total number of indoor satellite UEs is U WI = µ WI × W and outdoor satellite UEs served by the satellite station and outdoor CGC stations is U WO = W − U WI . Note that U WI is deployed in buildings over the macrocell coverage. VOLUME 7, 2019 Let S P denote the number of picocells in the macrocell coverage. Consider that the number of offloaded macro UEs of aTMS to the picocells is uniformly distributed in the interval [1,U OFL ]. If all picocells have an equal number of offloaded macro UEs U P , i.e.∀q U q P = U P , then the total number of offloaded macro UEs, U OFL = S P ×U P . However, in general, U q P is a random variable, which varies from one picocell to another and the realization of U q P for a picocell is mutually independent of the others. If µ MI denotes the ratio of the number of indoor macro UEs of aTMS, then the total number of indoor macro UEs is U MI = µ MI ×N, outdoor macro UEs served by the macrocell is U MO = N-U OFL -U MI , the total outdoor macro UEs served by the macrocell and picocells is U MP = U MO + U OFL , and the total macro UEs served by the macrocell is
Let N M denote the set of indices of all macro UEs of aTMS such that N M ={1, 2, 3,. . . ,N}. Denote N MO ,N P , and N MI respectively the set of indices of all outdoor macro UEs, offloaded macro UEs, and indoor macro UEs. Note that, N M is partitioned randomly into three disjoint subsets N MO , N P , and N MI . Also, the realization of macro UEs served by the macrocell and picocells are not mutually independent since macro UEs served by picocells are macro UEs offloaded from the macrocell, and the schedulers have a complete knowledge when a macro UE is offloaded. The indoor macro UEs are distributed randomly and non-uniformly within buildings located in the coverage of the macrocell. Let L denote the maximum number of buildings in the macrocell coverage of aTMS and S F denote the number of active small cells, i.e. femtocells, in each building. Assume that, S F is the same for all buildings, then the total number of active small cells in aTMS is S FS = L × S F .
For simplicity, since we assume that, SBSs and CGC stations are collocated one-to-one basis in any building, the number of SBSs S F and the number of CGC stations S W are the same per building, i.e. S W = S F . However, in general, S F and S W are random variables that can vary within the same building as well as from one building to another and the realization of S F and S W for a building is mutually independent of the others where a realization is defined as a simulation run time. Consider that, the number of small cell UEs and the number of satellite UEs in L buildings are independent and uniformly distributed in the interval [ The distances of all UEs of each category in a realization are generated following the respective distribution functions as mentioned earlier.
Let T denote simulation run time with the maximum time of Q (in time step each lasting 1 ms) such that T={1, 2, 3, . . . , Q} and hence |T| = Q. Let T ABS denote the number of ABSs in every ABS Pattern Period (APP) of 8 subframes such that and T ABS ={t: t=8v + z;v=0, 1, 2,. . . ,Q/8;z=1, . . . , T ABS } where T ABS =1, 2,. . . ,8 corresponds to ABS patterns =1/8, 2/8,. . . , 8/8 respectively. Let t ABS and t non-ABS denote respectively an ABS and a non-ABS such that t ABS ∈ T ABS and t non-ABS ∈ T \T ABS . In multiband enabled small cells, let T SU denote the set of ABSs that a satellite UE is allocated to the satellite spectrum over a duration of time T such that T SU ⊆ T and T SC ⊆ T \T SU where T SC denotes the remaining TTIs in T during which a small cell UE is allocated to the satellite spectrum in a building. Let each t SU and t SC denotes a TTI such that t SU ∈ T SU and t SC ∈ T SC .
B. PERFORMANCE METRICS ESTIMATION FOR L=1
The received signal-to-interference-plus-noise ratio for a UE at resource block (RB)= i in TTI= t can be expressed as,
where P t,i is the transmit power, N s t,i is the noise power, I t,i is the total interference signal power, and H t,i is the link loss for a link between a UE and a base station at RB= i in TTI= t. H t,i can be expressed in dB as (2) where (G t + G r ) and L F are respectively the total antenna gain and connector loss. LS t,i , SS t,i , and PL t,i respectively denote large scale shadowing effect, small scale Rayleigh or Rician fading, and distance-dependent path loss between a base station and a UE at RB= i in TTI=t.
Using Shannon's capacity formula, a link throughput at RB= i in TTI= t in bps per Hz is given by [21] , [22] ,
ρ t,i < −10 dB β log 2 1 + 10 (ρt,i(dB)/10) , −10 dB ≤ ρ t,i ≤ 22 dB
where β is considered as the implementation loss factor.
1) PERFORMANCE OF aTMS DUE TO MACRO UES ONLY
Let M aTMS denote the number of RBs in aTMS spectrum bandwidth where an RB is equal to 180 kHz such that in the following expressions, an arbitrary number of RBs must be multiplied by 180 kHz (not shown explicitly) to estimate the capacity in bps. The aggregate capacity of all macro UEs for M aTMS RBs and Q TTIs, i.e. the aggregate capacity of aTMS for all macro UEs can be expressed as,
where σ and ρ are responses over M aTMS RBs of all macro UEs in t ∈ T.
The average system-level spectral efficiency of aTMS for all macro UEs in bps/Hz is given by,
Recall that S F , S W , S P , and S M denote respectively the number of small cells per building, the number of CGC stations per building, the number of picocells per macrocell, and the number of macrocells in the system. The energy efficiency is defined as the amount of energy required to transmit a bit [23] , [24] . Hence, the average system-level energy efficiency of aTMS for all macro UEs in joules/bit (J/b) is given by,
2) PERFORMANCE OF aTMS DUE TO SMALL CELL UES ONLY
Let M SPS denote the number of RBs in the space-satellite system (SPS) spectrum bandwidth. For small cell UEs, the aggregate capacity served by the SBSs enabled with only a single SPS band per 3D building can be given in general as follows. Note that we consider that the whole SPS spectrum is reused to small cells per building. Recall that there are S F SBSs such that s ∈ {1, 2, . . . , S F } per 3D building, and each SBS can serve the maximum of U F,max small cell UEs such that u ∈ 1, 2, . . . , U F,max .
a: SINGLE-BAND ENABLED SBSs
Since for a single-band enabled SBSs, small cell UEs are served only during non-ABSs, for any number of small cell UEs u ∈ 1, 2, . . . , U F,max over M SPS RBs, the aggregate capacity of the small cell UEs for any SBS, i.e. σ s : s ∈ {1, 2, . . . , S F }, in is given by,
where σ and ρ are responses over M SPS RBs of u ∈ 1, 2, . . . , U F,max small cell UEs for any SBS in t non−ABS ∈ T \T ABS . If each SBS serve the maximum of one small cell UE such that U F,max = 1, then (7) can be expressed as follows for t non−ABS ∈ T \T ABS .
Now, consider a case where each SBS has exactly one small cell UE, and all SBSs per 3D building are serving simultaneously in. The aggregate capacity per 3D building is then given by,
C. MULTIBAND ENABLED SBSs
If SBSs are enabled with multiple bands, i.e. SPS and aTMS bands, the aggregate capacity served by SBSs per 3D building can be given as follows. When operating any SBS at the aTMS spectrum in non-ABSs, the capacity served by the SBS when no indoor macro UE is served is given by,
Hence, if each SBS serve the maximum of one small cell UE such that U F,max = 1, the aggregate capacity is then given by,
If all SBSs per 3D buildingisserving simultaneously inat the aTMS spectrum, the aggregate capacity per 3D building is then given by,
Similarly, when operating any SBS at the SPS spectrum, depending on whether or not the ABS based eICIC is employed, the capacity can be found as follows.
Case 1: When ABS based eICIC technique is employed such that QoS is provisioned by allocating small cell UEs during non-ABSs, then similar to a single-band enabled SBSs described above, the capacity served by the SBS, if no satellite UE is served in non-ABSs t non−ABS ∈ T \T ABS is given by,
Hence, if each SBS serve the maximum of one small cell UE such that U FU,max = 1, the aggregate capacity is then given by, σ SPS,QoS s,mb,1
If all SBSs per 3D building is serving simultaneously in t non−ABS ∈ T \T ABS at the SPS spectrum, the aggregate capacity per 3D building is then given by,
Case 2: When ABS based eICIC technique is not employed such that no QoS is provisioned since small cells are not allocated to any TTIs so long as a satellite UE is present within a CGC station coverage in a building. The capacity served by the SBS at the satellite spectrum, if no satellite UE is served in t SC ∈ T SC where T SC ⊆ T \T SU is given by,
If all SBSs per 3D buildingisserving simultaneously in t SC ∈ T SC at the SPS spectrum, the aggregate capacity per 3D building is then given by, (18) Hence, the overall aggregate capacity served by all SBSs enabled with multiband is given by when using case 1 in a 3D building, (19) However, the overall aggregate capacity served by all SBSs enabled with multiband is given by when using case 2 in a 3D building, Remark 1: Since satellite UEs are served by the CGC stations, the transmit power and the capacity of SBSs per building are not affected directly by them except that interference coordination is needed to be given their presence in small cells to reuse the satellite spectrum to small cells. Since our focus is on the achievable capacity and efficiency performances of aTMS, spectral efficiency and energy efficiency of aTMS are unaffected by satellite UEs. Hence, we do not consider formulating the capacity of satellite UEs.
1) OVERALL PERFORMANCE OF aTMS
The system-level aggregate capacity of aTMS because of sharing the whole satellite spectrum with its single-band SBSs per building is given by, σ sys,sb aTMS = σ aTMS + σ sb cl,sc (21) Similarly, the system level aggregate capacity of aTMS because of sharing the whole satellite spectrum with its multiband (23) Remark 2: It is to be noted that the satellite spectrum is not licensed by the aTMS operator; rather it is shared with aTMS and is licensed by the satellite operator. Hence, in estimating spectral efficiency, the capacity that is achieved by the satellite spectrum using SBSs for aTMS can be interpreted as the capacity achieved because of reusing the same satellite spectrum in aTMS such that the satellite spectrum needs to be considered for estimating spectral efficiency of the satellite system. Hence, the effective spectrum of aTMS is its licensed aTMS spectrum only. Now, the average system-level spectral efficiency of aTMS after sharing the satellite spectrum with its SBSs to serve small cell UEs per building in bps/Hz is given by for a single-band, multiband without QoS, and multiband with QoS enabled SBSs respectively,
Let P FC,aTMS and P FC,SPS denote the transmit powers of SBS transceivers operating respectively at the aTMS spectrum and at the SPS spectrum. Assume that the transmit powers of both aTMS spectrum and satellite spectrum transceivers are the same. Similarly, the average system-level energy efficiencies of aTMS after sharing satellite spectrum with its SBSs per building in joules/bit (J/b) is given for single-band, multiband without QoS, and multiband with QoS enabled SBSs respectively,
where |T | = Q. Also, T
sb, SPS
non−ABS denotes the set of non-ABSs when small cells are enabled with a single-band and operate at the SPS spectrum transceiver; T mb, aTMS non−ABS denotes the set of non-ABSs when small cells are enabled with multiband and operate at the aTMS spectrum transceiver; and T
mb, SPS non−ABS
denotes the set of non-ABSs when small cells are enabled with multiband and operate at the SPS spectrum transceiver.
VI. PERFORMANCE METRICS ESTIMATION FOR DENSE SMALL CELL DEPLOYMENT A. PERFORMANCE METRICS ESTIMATION FOR L>1
Consider that there is more than one building (i.e., L >1) of small cells and CGC stations located within the coverage of the macrocell. We assume that the indoor propagation characteristics and the distances of UEs from their respective SBSs or CGC stations in each of the L buildings do not deviate significantly from one another because of their small coverage such that by linear approximation, the average aggregate capacities of aTMS because of sharing the satellite spectrum with small cells of each of the L buildings for a single-band, multiband without QoS, and multiband with QoS enabled SBSs respectively are roughly given by,
When L is large enough, the above equations can be approximated as follows. can be considered to be the same for all the L buildings, in such cases, the above expressions can be further approximated as follows. σ
Now the spectral efficiency for L buildings for a singleband, multiband without QoS, and multiband with QoS enabled SBSs respectively are given by,
Hence, for the given M aTMS and Q, the spectral efficiencies for L buildings are directly proportional to the number of buildings L for both a single-band and multiband small cells.
Remark 3: For L > 1, the system level spectral efficiency, irrespective of the number of spectrum bands that small cells are enabled with, is directly proportional to the number of buildings L within the macrocell coverage, i.e. the number of times the satellite spectrum can be reused spatially in small cells deployed in L buildings within the macrocell coverage. In other words, by increasing the value of L, the system level spectral efficiency can be improved to meet the requirements of the fifth generation (5G) and beyond mobile networks. Now, the energy efficiency for L buildings is given by for a single-band, multiband without QoS and multiband with QoS enabled SBSs respectively,
Now for a single-band enabled small cells, from (42), it can be found that the impact of L × S F × T
sb, SPS non−ABS
|T | × P FC,SPS is small enough as compared to [(S P × P PC )+ (S M × P MC )] for low values of L. Hence, in such cases, (42) can be approximated as
Since S P and S M are fixed over the observation interval T , using (36), (45) can be expressed as follows.
where
Hence, for low values of L, the energy required per bit transmission is inversely related to L such that the energy efficiency per bit transmission improves by the factor L. However, for large values of L,the impact of L × S F × T
|T | × P FC,SPS becomes comparable to [(S P × P PC ) + (S M × P MC )] such that the energy efficiency improves following (42).
Remark 4:The above analysis for a single-band small cells is also applicable for the multiband small cells since both 
B. MODELING ENERGY EFFICIENCY AND ITS CONDITIONS FOR OPTIMALITY AND MAXIMALITY 1) SINGLE-BAND ENABLED SMALL CELLS a: MODELING ENERGY EFFICIENCY
Recall that from (42), the energy efficiency for a single-band enabled small cells is given by,
For simplicity in analysis, σ EE,sb TMS,L (L) is expressed as follows.
Putting the values of transmit powers and achievable capacities of all base stations in (48), it can be found that (a P × d σ ) > (b P × c σ ) results in the energy required per bit transmission decays with L. In other words, energy efficiency for a single-band small cells can be modeled by (48) given that the following condition strictly satisfies in (48) for any value of L. Otherwise, the energy required per bit transmission increases with L.
Note that, when L >> 1 in (48), the following proposition holds for energy efficiency.
Proposition 1: Energy efficiency from reusing satellite spectrum in in-building single-band small cells of aTMS σ EE,sb aTMS,L (L) gets fixed irrespective of the value of L, i.e. the density of small cells within the macrocell coverage.
Proof:
Hence, as L →∝, energy efficiency gets fixed to
It is to be noted that, from (48), because σ 
C. CONDITION FOR OPTIMALITY
To find an optimal value of energy efficiency and the number of buildings L, taking the derivative on (48), we can find the following.
Note that from (51),
varies with L as follows.
where is any non-zero value of
. Note that is a design parameter that trade-offs both spectral efficiency and energy efficiency requirements set by an operator. Hence, using (52), we can find an optimal value of L that corresponds to the slope
Note that is always negative since energy efficiency improves with L such that the angle of the slope on the curve of energy efficiency versus L, θ > 90 0 . Since
is also negative such that in the above equation both negatives in the numerator and denominator cancel each other. Hence, from (53), an optimal value of Lfor a single-band enabled small cells, subject to
Since all other parameters are constant, knowing , L * sb can be determined using (54). Now using (54), the optimal value of energy efficiency corresponding to L * sb for a single-band enabled small cells is then given by,
1) MULTIBAND ENABLED SMALL CELLS a: MODELING ENERGY EFFICIENCY
For multiband QoS enabled small cells, from (44), we can find the following. σ
(L) can be expressed as (48) as follows. σ
where (58), we can find the above parameters. For multiband non-QoS enabled small cells, from (43) we can find the following. σ
(L) can be expressed as (57) as follows.
where 
D. CONDITION FOR OPTIMALITY
An optimal value of L for multiband QoS enabled small cells, subject to
Similarly, using (44) and (58), the optimal value of energy efficiency corresponding to L * mb,QoS for multiband QoS enabled small cells is then given by,
Similarly, an optimal value ofLfor multiband non-QoS enabled small cells, subject to a P,m,nQ × d σ,m,nQ > b P,m,nQ × c σ ,m,nQ is given by, L * mb,nQoS
Hence, the optimal value of energy efficiency corresponding to L * mb,nQoS for multiband non-QoS enabled small cells is then given by,
It is to be noted that in the above mathematical analysis, no satellite channel link is used such that the results obtained from the evaluation are insensitive to the satellite channel link properties.
VII. MODELING TRAFFIC ACTIVITY OF IN-BUILDING UEs AND ESTIMATION OF AN OPTIMAL NUMBER OF ABSs
A. MODELING TRAFFIC ACTIVITY OF IN-BUILDING UEs
According to [21] , [22] , sessions or call arrivals can be modeled as a Poisson process. Hence, the traffic activity of a UE served by an in-building base station can be modeled as an exponentially distributed continuous timePoisson process.
Since given the present state, the future state is independent of the past state, the traffic activity of an in-building UE can be modeled as two-stateMarkov chain such that the off-state traffic activity to on-state traffic activity transition rate of an in-building UE is denoted by λ, whereas the on-state traffic activity to off-state traffic activity transition rate is denoted by µ.
Assume that an in-building base station of any type can serve the maximum of one UE at any time t [25] , [26] . Let p (0) , p (1) , p (2) , · · ·, p (U W ) denote on-state probabilities of in-building base stations of any type per 3D building, corresponding to the number of active in-building UEs U 3D ∈ 0, 1, 2, . . . , U 3D,max . The values of these probabilities can be found following the Birth-Death process as given below [21] and shown in Fig.10 .
Let λ U 3D and µ U 3D denote respectively the birth rate and death rate. Then, according to [23] , [24] , the following hold.
Hence, the probability of any U 3D can be given by, But,
Using (65) and (66), the following can be obtained.
Let λ µ = ε such that the probability of U 3D number of in-building UEs of an arbitrary type are present within a 3D building and served by the respective base stations in it is given by,
The Expected value of the number of in-building UEs within the building is then given by,
Since each in-building base station can serve the maximum of one UE, the number of in-building base stations is equal to the number of UEs. Recall that both CGC stations and SBSs are co-located one-to-one basis in apartments such that the number of each type of base stations per 3D building is the same, i.e. S W = S F . Similarly, the number of each type UEs per 3D building is the same, i.e. U W = U F . Moreover, the number of small cell UEs and the number of satellite UEs in buildings are independent and uniformly distributed in the interval [1, U F ] and [1, U W ] respectively. Hence using (68) and (69), the probability that U FU number of small cell UEs is present within a 3D building and being served by the SBSs in it is given by,
And the Expected value of the number of small cell UEs within the building is given by,
Similarly, the probability that U SU number of satellite UEs are present within a 3D building and served by the CGC stations in it is given by,
And the Expected value of the number of satellite UEs within the building is given by,
Remark 5: In general, the rate of arrival of satellite UEs to CGCs is relatively lower than that of small cell UEs to SBSs in a building. Hence, the value of U W is small in the Poisson distribution of satellite UEs. In other words, the smaller values of U W are more probable than the larger ones such that the distribution of satellite UEs lies mostly toward the left of the curve. However, for small cell UEs, the value of U F is large enough in Poisson distribution such that the distribution of small cell UEs lies mostly toward the right of the curve.
B. ESTIMATION OF AN OPTIMAL NUMBER of ABSs 1) SINGLE-BAND ENABLED SMALL CELLS
Typically, the average number of satellite UEs is relatively lower than that of small cell UEs over a certain duration of time within a building. Hence, to overcome the effect of an uneven distribution of satellite UEs and small cell UEs within in-building environments in order to ensure QoS between these two categories of UEs per building, we propose to employ the ABS based eICIC technique. To do so, for a single-band enabled small cells, we consider operating satellite UEs by CGC stations only during ABSs, whereas small cell UEs only during non-ABSs by SBSs (Fig.8) .
Consider that satellite UEs are scheduled only during ABSs T ABS , whereas small cell UEs are scheduled only during non-ABSs T nABS over an APP T APP such that the summation of T ABS and T nABS gives T APP . We assume a fair allocation of time resources to each category of UEs such that the more the number of UEs of a category, the more the number of TTIs allocated to that category of UEs. Hence, the allocation of T ABS and T nABS over T APP is defined in proportionate with the average number of satellite UEs and the average number of small cell UEs respectively over time T . Further, we assume that if there exists at least a UE of any category, the number of TTIs allocated to that category must be non-zero to ensure continuity of services.
Like satellite UEs, we assume that the arrival process of small cell UEs follows Poisson process with mean λ SC . Hence, following the above assumption, an optimum value of the number of ABSs over T APP reflecting the QoS is derived in percentage of the APP based on the ratio of the average number of satellite UEs λ SU to the average number of small cell UEs λ SC arrived to get access to the CGC stations and SBSs respectively per building over certain duration of time T by solving the following optimization problem for a single-band enabled small cells.
The optimal solution of the above optimization problem in favor of satellite UEs is given by,
Since T ABS and T nABS are strictly integers, by satisfying constraints 74(b), 74(e), and 74(f) and allowing a favor of the satellite UEs, the optimal value of T ABS is given by,
Hence,
2) MULTIBAND ENABLED SMALL CELLS
In multiband enabled small cells, we consider each small cell operating at both the aTMS spectrum and the satellite spectrum. Since the mechanism of the use of the satellite spectrum for small cell UEs is the same for both the multiband QoS enabled SBSs and a single-band enabled SBSs, an optimal value of ABSs and non-ABSs for the multiband QoS enabled SBSs operating at the satellite spectrum are given by (76) and (77) respectively as follows.
Similarly, when operating at the aTMS spectrum, indoor macro UEs operate during ABSs, and SBSs operate during non-ABSs. Assume that the arrival process of indoor macro UEs to SBSs in a building follows the Poisson process with mean λ iMU . Then, by analogy and using the above procedure for a single-band enabled SBSs, an optimal value of ABSs and non-ABSs for the multiband QoS enabled SBSs operating at the aTMS spectrum are given as follows.
C. ESTIMATION OF T SC FOR NON-QoS ENABLED SBSs
T SC needs to be estimated as an average value over certain duration T . Since so long as the satellite UE exists, no spectrum can be shared with SBSs, the value of T SC can be defined by the average occupancy in time of a satellite UE served by a CGC station over T . Let 0 ≤ κ ≤ 1 denote the average occupancy of a satellite UE served by a CGC station in a building over time T . Then, the average time that a satellite UE is served by a CGC is given by
Hence, the average time that a single-band non-QoS enabled SBS can serve its small cell UE is given by,
In line with QoS enabled SBSs, for T = T APP , the above expression can be given by
Since T APP cannot be a fraction, to give a favor to SBSs, the above expression can be given by rounding as follows.
Note that unlike QoS enabled SBSs, there is no impact of λ SC on T SC in non-QoS enabled SBSs since a non-QoS enabled SBS is allowed to operate only when no satellite UE is served by a CGC station. T SC is completely defined by κ.
Note that for multiband enabled SBSs, in addition to (81) for the satellite spectrum operated transceiver, the optimal value of non-ABSs for the aTMS spectrum operated transceiver is given similarly by (78).
VIII. PERFORMANCE EVALUATION SCENARIO, RESULT AND COMPARISON
A. EVALUATION SCENARIO
For the aTMS, we consider an evaluation scenario where each SBS can be a single-band enabled or multiband enabled. Recall that a single-band enabled SBS operates only at the satellite spectrum, whereas a multiband enabled SBS operates at both the satellite spectrum as well as the aTMS spectrum. All satellite UEs are served only by the CGC stations, whereas all small cell UEs are served only by the SBSs irrespective of their number of operating spectrum bands following the PF scheduling principle within a building. We assume that an in-building base station, either a CGC station or an SBS, can serve the maximum of one UE at any time t. The arrival of more than one satellite UE is assumed to be served by other neighboring CGC stations. In an ideal case, we assume that the satellite signal strength is sufficient enough such that the control signaling connection for any satellite UE persists with the satellite station until a new connection with any CGC station within a building is established. Further, since the indoor control signal strength, the handover time of a satellite UE from the satellite station to a CGC station and the power transmitted by either a CGC station or a small cell base station during the sleep mode are low enough, a satellite UE can discover and hand-off to an indoor CGC station with causing no or negligible co-channel interference with the CGC station as well as any small cell base station within a building.
To evaluate the impact of varying the satellite spectrum being reused in SBSs, we assume that each SBS always has a small cell UE to serve whereas a CGC station may not have a satellite UE to serve over the evaluation period or simulation run time T . This implies that the number of satellite UEs varies over T , which results in varying the values of T * ABS,sb and T * ABS,mb,sps such that there is a corresponding change in achievable capacity of single-band enabled SBSs, as well as multiband QoS enabled SBSs. Similarly, the number of indoor macro UEs also varies over T which, in turn, causes to vary T * ABS,mb,aTMS . This results in a corresponding change in the achievable capacity of multiband QoS enabled SBSs because of sharing aTMS spectrum with them. Hence, unlike a single-band enabled SBSs, the achievable capacity of multiband QoS enabled SBSs is a function of both T * ABS,mb,sps and T * ABS,mb,aTMS . Note that, for the multiband non-QoS enabled SBSs, we assume that the value of T SC ranges from 0 to T over T .
Default parameters and assumptions used for evaluating the performance are given in Table 3 . Note that, no satellite channel link models are mentioned in Table 3 since we limit evaluating the performance of aTMS only. Consequently, an explicit channel model for each type of base station in aTMS is mentioned and used for evaluating the performance of aTMS. Since the considered carrier frequencies of aTMS and SPS in Table 3 do not deviate significantly from each other, for simplicity, we assume that in-building propagation characteristics at both frequencies are the same. Hence, the path loss and other assumptions considered for SBSs are also applicable to CGC stations in each building.
B. PERFORMANCE EVALUATION 1) QoS VERSUS NON-QoS ENABLED SBSs
As shown in Fig.11(a) , the aggregate capacity per building of SBSs when QoS is enforced by using ABS based eICIC to SBSs is higher than that without enforcing QoS. This is because of the fact that with non-QoS enabled SBSs, CGC stations can continue serving satellite UEs on satellite spectrum without taking into account of traffic rates of small cell UEs relative to satellite UEs. The number of TTIs over a certain time period T is not allocated fairly between SBSs and CGC stations to transmit their respective user traffic. More specifically, CGC stations transmit data following a greedy rule so long as they have traffic to serve. SBSs can reuse the satellite spectrum on those TTIs in T that are left after transmitting traffic of satellite UEs by CGC stations. On the contrary, with QoS enabled SBSs, the number of TTIs is allocated to SBSs and CGC stations based on their individual actual traffic demands. This results in a fair allocation of the number of TTIs in T to SBSs to transmit small cell UEs' data as compared to when no QoS is enforced to SBSs. In other words, SBSs get scheduled to more TTIs in T when QoS is enforced than for without enforcing QoS to SBSs. Note that if the average rate of satellite UEs is very small such that the CGC stations need few TTIs on average to serve satellite UEs, the aggregate traffic of non-QoS enabled SBSs can be higher than that for QoS enabled SBSs since SBSs can transmit on more TTIs on average than CGC stations in T.
In summary, with non-QoS enabled SBSs, the distribution of TTIs in Tand hence the aggregate traffic depends on the traffic rate of satellite UEs. On the contrary, irrespective of the rates of satellite UEs, TTI in T are always distributed fairly depending on the individual actual traffic rates of both the satellite UEs and the small cell UEs. Note that, since in both single-band and multiband enabled SBSs, the satellite spectrum is common, there is no impact of the number of spectrum bands that SBSs are enabled with on the above analysis for QoS versus non-QoS enforced SBSs.
2) SINGLE-BAND VERSUS MULTIBAND ENABLED SBSs
As can be found from Fig.11(a) , multiband enabled SBSs provide with more capacity than for single-band enabled SBSs. This is due to serving additional traffic by multiband enabled SBSs on the aTMS spectrum in comparison with single-band enabled SBSs. The amount of additional capacity contributed by the aTMS spectrum in multiband enabled SBSs depends on the rate of indoor macro UEs per building. Specifically, the higher the rate of indoor macro UEs, the lower the number of TTIs in T that can be allocated to serve traffic by SBSs, and hence the lower the achievable capacity of SBSs. Further, since the capacity achieved by macro UEs is dependent on only the ABSs reserved for indoor macro UEs, the overall capacity of macro UEs is independent of whether SBSs are enabled with a single-band or multiband. Hence, the overall system level capacity responses of the aTMS (Fig.11 (b) ) follows the responses for a single-band and multiband enabled SBSs (Fig.11(a) ). Note that, for the performance evaluation, we consider the average rates for indoor macro UEs and satellite UEs of 2/8 and 2/8 respectively. This is due to the fact that the probability of the number of indoor macro UEs per building is very low as compared to that of small cell UEs. A similar statistic is also true for the satellite UEs with respect to the small cell UEs per building.
Remark 6: Because of applying the proposed spectrum sharing technique to in-building SBSs of aTMS, Fig.11 shows additional capacities of aTMS obtained for a number of features of SBSs, e.g. the number of spectrum bands of SBSs, and whether or not the QoS is enforced to SBSs.
Remark 7: Using (76), (78), and (79), an increase in the value of either λ SU , λ iMU , or κ causes a corresponding decrease in the obtained additional capacity gain (Fig.11(a) ) for the respective case. Since the achievable capacity of an SBS is linearly related to the number of TTIs that an SBS can be allocated over T , the variation in capacity gain for each case (i.e., λ SU , λ iMU , or κ) is also linearly related. More specifically, the additional capacity gain as shown in Fig.11(a) obtained from employing the proposed spectrum sharing technique increases with a decrease in the value of λ SU , λ iMU , or κ, and vice versa.
3) SPECTRAL EFFICIENCY AND ENERGY EFFICIENCY
From Fig.12 , it can be found that multiband enabled SBSs play a significant role in improving the spectral efficiency of aTMS. With an increase in density of in-building SBSs within the coverage of the macrocell, the spectral efficiency of aTMS increases linearly due to the avoidance of the co-channel interference between SBSs as well as between SBSs and CGC stations given that the indoor propagation characteristics and the distances of UEs from their respective SBSs in each of the L buildings do not deviate significantly from one another because of the small coverages of SBSs. However, the number of spectrum bands of SBSs has very little impact on the energy efficiency performance of aTMS. Unlike spectral efficiency, the energy efficiency of aTMS is not affected by the density of SBSs. Particularly, energy efficiency improves exponentially for low values of L, e.g. L ≤ 100, and further than, energy efficiency gets almost steady even though the density of SBSs increases. In summary, spectral efficiency improves linearly with an increase in both the number of spectrum bands per SBS and the density of SBSs over the macrocell coverage. However, energy efficiency improves largely for low values of L and is hardly affected by the number of spectrum bands per SBS irrespective of the value of L, i.e. the density of SBSs. Note that, since spectral efficiency increases with L, L should be chosen as large as possible to maximize spectral efficiency, given the coverage of macrocell. However, since energy efficiency is not influenced by high values of L, L should be as low as possible to maximize energy efficiency while reducing cost from deploying and maintaining in-building SBSs. Since the demand for L to maximize spectral efficiency and energy efficiency is opposite to one another, to trade-off both demands, an optimal value of L needs to be chosen following (54), (61), and (63). From Fig.12(b) , a noticeable improvement in energy efficiency can be obtained for L up to 100. Hence, based on the system performance requirements, if the requirement favors spectral efficiency improvement, L should be chosen close to 100. However, if favoring energy efficiency performance improvement with the reduced cost from deploying additional SBSs, L should be chosen close to 0. Hence, choosing a slope given by (51) as a decision parameter, which can trade-off both spectral efficiency and energy efficiency with a view to reducing the cost from deploying and maintaining in-building SBSs, on the energy efficiency curve over the range of values of 0 ≤ L ≤ 100 as indicated in Fig.12(b) corresponds to a point on the energy efficiency curve. The value of L that corresponds to this point defines the optimal value of L for each of the three configurations of SBSs in Fig.12(b) . [31] for energy efficiency of RAN by 2020, [31] for energy efficiency of 4G LTE systems, and [32] for energy efficiency of 5G systems respectively. FIGURE 14. Spectral efficiency performance of the proposed spectrum technique for various SBS configurations for L = 100 in comparison with other existing results where Ref4 and Ref5 refer to references [33] for spectral efficiency of the fourth generation (4G) systems and [32] for spectral efficiency of 5G systems respectively. Figure 13 shows the energy efficiency performance of the proposed spectrum sharing technique for a number of SBS configurations. It can be found that, with our proposed technique for L = 100, multiband and QoS enabled SBSs require the least amount of energy (0.17 µJ) to transmit a bit as compared to other configuration of SBSs, including 0.25 µJ for multiband and non-QoS enabled SBSs and 0.26 µJ for a single-band enabled SBSs. However, irrespective of the configuration of SBSs, our proposed technique can achieve more than the energy efficiency requirements of at least 100 µJ/b for the RAN by 2020 [31] and 3 µJ/b expected for 5G mobile networks [32] as shown in Fig.13 . Figure 14 shows the spectral efficiency performance of our proposed spectrum sharing technique per macrocell for various SBS configurations. Like energy efficiency for L = 100, the spectral efficiency of 115 bps/Hz, 95 bps/Hz, and 60 bps/Hz can be achieved respectively by multiband and QoS enabled SBSs, multiband and non-QoS enabled SBSs, and single-band enabled SBSs with our proposed technique, which far exceeds the maximum spectral efficiency requirements of 37 bps/Hz expected for the 5G mobile systems [32] . In fact, using Fig.12(a) , the values of L of 35 for the multiband and QoS enabled SBSs, 40 for the multiband and non-QoS enabled SBSs, and 65 for a single-band enabled SBSs are FIGURE 15. Average capacity per UE performance of the proposed spectrum technique for various SBS configurations in comparison with other existing results under the same scenario (e.g., system bandwidth of 8MHz). In the figure, Ref6 refers to the reference [35] for user-centric (UC) and network-centric (NC) approaches and Ref7 refers to the reference [34] .
C. PERFORMANCE COMPARISON 1) ENERGY EFFICIENCY
2) SPECTRAL EFFICIENCY
enough to achieve the target spectral efficiency of 37 bps/Hz for 5G mobile systems. Note that, lower values of L for the multiband enabled SBSs are required than for a single-band enabled SBSs because of sharing additionally aTMS spectrum with multiband enabled SBSs that helps boost spectral efficiency further. Hence, the spectral efficiency requirements of 5G mobile systems can be achieved easily by employing our proposed spectrum sharing technique. Figure 15 shows the average capacity per UE performance of our proposed spectrum sharing technique for various SBS configurations. Like energy efficiency and spectral efficiency, the average capacity per UE performance of multiband and QoS enabled SBSs outperforms other SBS configurations. Irrespective of the configuration of SBSs, our proposed technique can improve the average capacity per UE significantly under the same evaluation scenario as compared to the approaches proposed in [34] , [35] . For example, the average capacity per UE of multiband and QoS enabled SBSs is about 7 times higher than for the user-centric approach proposed in [35] and 5 times higher than for the approach proposed in [34] . Fig.15 . Average capacity per UE performance of the proposed spectrum technique for various SBS configurations in comparison with other existing results under the same scenario (e.g., system bandwidth of 8MHz). In the figure, Ref6 refers to the reference [35] for user-centric (UC) and network-centric (NC) approaches and Ref7 refers to the reference [34] .
3) AVERAGE CAPACITY PER UE
IX. RESEARCH SIGNIFICANCE, CHALLENGE, AND FUTURE PERSPECTIVE A. SIGNIFICANCE
The proposed spectrum sharing technique benefits from the following.
1) COST-EFFECTIVENESS
For a single-band enabled SBSs, all small cells of the aTMS operate only at the satellite spectrum subject to the existence of satellite UEs within CGC stations so that an aTMS operator does not need to make a huge investment on licensing the costly mobile radio spectrum to operate these in-building small cells. Further, for the multiband enabled SBSs, in addition to operating the first transceiver at the satellite spectrum, since the second transceiver operates at the aTMS spectrum, no additional investment on licensing spectrum for the second transceiver is needed as well.
2) IMPROVED RECEIVED SIGNAL, ENERGY EFFICIENCY AND INTERFERENCE COORDINATION
All satellite UEs and small cell UEs within a building are served respectively by CGC stations and SBSs within short distances. This helps both the satellite signals for the satellite UEs and the terrestrial macrocell signals for the small cell UEs avoid facing the high external wall penetration loss of a building if instead of being served directly by the satellite station and the MBS respectively. This, in turn, helps improve the received signal powers at the satellite UEs and small cell UEs. Moreover, due to the short distance, an in-building UE can transmit traffic in the uplink at a low transmit power to its serving in-building base stations, resulting in improvement in the energy efficiency of the overall iSMS/aTMS. Furthermore, since macro UEs of the aTMS operate at a different frequency from that of satellite UEs, no co-channel interference occurs both inside and outside of a building between these two categories of UEs.
3) APPLICABILITY, SIMPLICITY, AND DIVERSITY
Due to the presence of the inherent high external wall penetration loss of a building, the proposed spectrum sharing technique is not restricted to apply to any specific spectrum band. Rather, the technique can be applied to share any satellite spectrum band (e.g., L-band, S-band, and any millimeter wave band) with in-building small cells. Further, since the co-channel interference between a small cell UE and a satellite UE is managed by employing the 3GPP recommended well-known ABS based eICIC technique, the spectrum sharing technique can be implemented easily. Furthermore, the proposed multiple communication system architectures can be realized in a number of ways depending on the modes of operation of the CGC system with the satellite component system as well as the aTMS with the integrated satellite-terrestrial system.
4) FLEXIBILITY AND EFFICIENT COORDINATION
By employing the proposed technique, the spectral efficiency varies linearly with the density of SBSs. Hence, by increasing the density of SBSs, the spectral efficiency can be improved. However, the energy efficiency varies exponentially up to certain vales of L and then remains almost fixed for any further increase in L. This implies that L should be increased up to a certain value of L to reduce implementation and maintenance costs of SBSs. Hence, to make a trade-off between the cost of SBSs to implement and maintain them and the optimal spectral efficiency and energy efficiency performances, an operator can choose a value of L, i.e. the density of SBSs, which can satisfy both the cost and the quality of services of SBSs. Moreover, the global time-domain resource scheduler in hybrid systems can help manage spectrum allocations to UEs efficiently by coordinating information among different entities of the iSMS/aTMS.
5) TRADE-OFF AND ADAPTIVE SPECTRUM AVAILABILITY
Since multiband enabled SBSs can provide higher capacity, spectral efficiency, and energy efficiency than for singleband enabled SBSs, multiband enabled SBSs are favorable for high-performance systems. However, multiband enabled SBSs impose additional cost from employing additional transceivers on top of the default transceiver operating at the satellite spectrum. Hence, depending on the system requirements and the cost associated to implement the system, an operator can choose the required SBS configuration to serve the traffic demand. Further, places where the traffic fluctuation is very high (e.g., railway station, supermarket), based on the traffic requirements, the number of transceivers of the multiband enabled SBSs can be activated. If the traffic load is increased during peak hours, both aTMS and satellite spectrums operated transceivers can be activated. When the load decreases, e.g. in the midnight, only one of the two transceivers can be activated. Such an adaptive spectrum availability can help improve the QoS service, enhance the user experience, and generate more revenue.
B. CHALLENGE AND FUTURE PERSPECTIVE 1) INTERWORKING POLICY AND COORDINATION
Since both iSMS and aTMS are different service providers, a mutual agreement on interworking policies for both technical and business perspectives is needed in prior to the operation for communication between their respective networks. To communicate time-sensitive information such as time synchronization and ABS pattern update, tight coordination between the systems is also needed for the seamless operation. Because of its significant impact, depending on the latency requirement, appropriate backhaul network needs to be chosen to coordinate properly. In this regard, signaling requirements and constraints for coordination between the iSMS and the aTMS under different SBS configurations for the proposed spectrum sharing technique need critical investigation.
2) EFFECT OF SATELLITE SYSTEMS AND OPERATING BANDS
Since our attention in this paper is to evaluate the performance of the aTMS, we assume a generic scenario for the satellite system such that the satellite system can be either a GEO or an LEO operating at the S-band. However, in practice, both systems have different characteristics and requirements. For example, a GEO system typically covers a large area on the earth surface and hence benefits from less satellite UE handover even though it suffers from a high latency requirement because of its long distance from the earth surface. On the contrary, an LEO system typically covers a small area on the earth surface and hence suffers from frequent satellite UE handover even though it benefits from a low latency requirement because of its short distance from the earth surface. Further, spectrum sharing can also be considered for a high satellite frequency band such as 26 GHz. Hence, rigorous performance evaluation for the satellite system in addition to the TMS by considering specific satellite systems operating at both low and high-frequency satellite bands is inevitably a crucial research scope, which we will consider in our future researches.
3) MODES OF OPERATION AND SBS CONFIGURATION
The proposed iSMS/aTMS can be deployed in four possible ways, and each of these alternative deployment scenarios of the proposed system causes to change in the overall interference scenario. Further, for a given iSMS/aTMS deployment scenario, SBSs can be configured in a number of ways based on the number of spectrum bands, and whether or not the ABS based eICIC technique is applied for the satellite spectrum of SBSs. The number of operating spectrum bands and the ABS based eICIC technique have a direct impact on the control signaling overhead requirements and implementation complexity of the system. In this paper, we limit the scope of the contribution to discussing the deployment scenarios of iSMS/aTMS, analyzing the co-channel interference for one of the deployment scenarios, and presenting the configurations of SBSs along with evaluating their performances. However, a detail analysis on each of the combinations of the deployment scenarios of iSMS/aTMS and the configurations of SBSs to find an optimal combination that is least affected by the co-channel interference, requires a minimal control signaling overhead, and maximizes the overall system level performance of the iSMS/aTMS is indeed a crucial need.
4) MULTI-TIMES SPECTRUM SHARING WITH CELLS PER 3D BUILDING
We assume to share spectrums with all the CGCs/SBSs within a building. However, spectrums can be shared with CGCs/SBSs within a building more than once by forming multiple clusters of CGCs/SBSs within the same building. Since reusing the same spectrum more than once generates co-channel interference between cells allocated with the same set of RBs, a 3D cluster of CGCs/SBSs within a 3D building (Fig.2) can be formed subject to satisfying constraints such as interference constraints in both intra-floor and inter-floor levels. The whole satellite/aTMS spectrums can then be allocated to each of the 3D clusters of CGCs/SBSs within a 3D building. Since the capacity increases with the number of times the same spectrum is reused spatially, the aggregate capacity and hence the spectral efficiency of the system per 3D building increases by the scaling factor ξ where ξ denotes the number of 3D clusters that can be formed per 3D building. The proposed spectrum sharing technique can be explored such that the same satellite/aTMS spectrums can be shared with a set of CGCs/SBSs forming a 3D cluster instead of sharing with all the CGCs/SBSs per 3D building to increase the capacity and spectral efficiency by ξ per 3D building, and is considered as one of our future research scopes.
5) 3D BUILDING AND SEAMLESS HANDOVER OF SATELLITE UE
When a satellite UE moves into or out of a 3D building, there is a sudden drop in received signal at the satellite UE due to the presence of high external wall penetration loss, which may cause an unexpected failure of the ongoing connection of the satellite UE with the satellite network if a proper and timely monitoring and detection of the drop is signal cannot be performed. This situation can be even serious for a high-speed satellite user because of misinterpreting of the sudden signal drop with the fast fading effect, which may cause either an unnecessary handoff of the satellite UE to or from the in-building CGC station or failure in ongoing connection of the UE with the satellite network. Moreover, the external wall penetration loss to a signal varies with its frequency. In general, high-frequency signals are affected more than the low ones because of an increased penetration loss. Hence, this necessitates a careful set up of the handoff margin of the iSMS such that the handoff of the satellite UE between the satellite station and the in-building CGC station is seamless at least for the range of satellite frequency proposed to be shared with in-building small cells of the aTMS. Note that since satellite and CGC stations of an iSMS are governed by a common network and resource manager, by setting a proper hand-off margin, any specific handoff scheme can be defined by an operator for uninterrupted handoffs of a satellite UE between satellite and CGC stations of the iSMS.
6) CLOUD RADIO ACCESS NETWORKS AND FUNCTIONAL SPLIT
Cloud radio access networks (CRAN) is considered as a promising technique for centralized radio resource management. In CRAN, the proposed global resource scheduler can be located in the centralized unit to manage resource allocation centrally. However, one of the major issues with CRAN is the requirements of the fronthaul, e.g. latency and bandwidth, and the functional split of baseband processing plays an important role in fronthaul requirements. One of the options for the centralized resource management can be the 3GPP intra-Medium Access Control (MAC) functional split option where lower-level radio MAC functionalities such as channel CSI updates and Hybrid Automatic Repeat Request (HARQ) are left to the respective SBSs and upper-level MAC functionalities such as admission control, load balancing, and RB allocation are performed in the central unit. Costly ideal fronthaul is the best choice for the intra-MAC split option though economical non-ideal or sub-ideal fronthauls can be used with certain constraints. However, if the complete radio resource scheduling functionalities are considered to be centralized, in such cases, lower layer split options such as the 3GPP split 7 can be considered. This, however, would increase both latency and bandwidth requirements of the fronthaul, which, in turn, requires costly ideal fronthauls. Hence, this opens an important research direction toward a rigorous investigation and development of approaches that can trade-off among these major aspects, namely how the radio resource management functionalities are distributed between the central unit and the distributed unit, the corresponding required fronthaul characteristics and functional split options, and the cost associated with deploying the fronthaul in order to implement the proposed spectrum sharing technique in 5G CRAN platform.
7) CHALLENGES WITH MULTIBAND UE TRANSCEIVERS
Firstly, integrating multiple bands in a UE is challenging particularly when the properties of the frequency of multiple transceivers differ considerably from one another. More specifically, the propagation characteristics at low-frequencies such as L-band and S-band and that at high frequencies such as K-band and Ka-band differ significantly. This raises the issue of exactly at which point in the protocol stack, e.g. baseband, MAC, or above, the integration of multiple bands at a UE can provide with the best performance. Moreover, depending on the level of tightness in integration, a UE may or may not operate more than one band simultaneously. Hence, even though in this research, we consider two low-frequency bands, one for the aTMS and the other for the SPS, the integration of multiple bands and the degree of tightness in integration need further research if the TMS frequency and the SPS frequency of a multiband UE differ considerably. Moreover, the self-interference occurs due to the mixture of multiple bands operating simultaneously at a UE increases exponentially with the number of bands. Such self-interferences can be minimized at the cost of reduced network capacity by switching off any particular band with coordination in the upper layer. Hence, even though we consider only two bands for a multiband UE, defining an optimal number of bands balancing self-interference and a reduction in network capacity is an essential research direction. Furthermore, The size of the Fast Fourier Transform (FFT) varies proportionately with the system bandwidth. Since the size of FFT affects the memory size and the baseband processing power of a UE, defining an optimal value of the system bandwidth both for the aTMS and the SPS is necessary to address the aforementioned issues of memory size and processing power of a multiband UE.
X. CONCLUSION
In this paper, we propose a multiple communication system, incorporating an integrated satellite-mobile system and an autonomous terrestrial-mobile system (iSMS/aTMS), and a novel spectrum sharing technique to share the spectrums of iSMS and aTMS with in-building small cells of aTMS in order to improve the spectral efficiency of aTMS without investing on licensing additional spectrum. The integrated satellite-mobile system (iSMS) consists of a space-satellite station integrated with a CGC station. The aTMS consists of a set of small cells, which are enabled with either a single-band or multiband and deployed in a number of 3D buildings located within the coverage of a mobile macrocell. CGC stations are deployed along with small cells one-to-one basis in any building to serve satellite user equipment (UE) within the corresponding building. Based on the mode of operation, we also present a technique to realize a number of deployment scenarios and analyze the corresponding interference characteristics.
In the proposed spectrum sharing technique, we exploit the high external wall penetration loss of a building such that the satellite spectrum can be shared with small cells of the aTMS along with the default CGC stations of the iSMS in each building. An interference management scheme to avoid co-channel interference between any CGC station and any SBS within a building is presented using the ABS based eICIC technique under two scenarios, namely a single-band enabled small cells and multiband enabled SBSs. An algorithm for the proposed technique along with a global resource scheduler to emphasize the proper allocation of spectrum resources are detailed. Performance metrics for L ≥ 1 in terms of system capacity, spectral efficiency, and energy efficiency are derived in detail, and an optimal value of L is deduced that can satisfy both energy efficiency and spectral efficiency requirements. The arrival of UEs, e.g. satellite UEs and indoor macro UEs, into a building, is modeled, and an optimal number of ABSs are deduced.
With extensive simulation and numerical analysis, we evaluate the performance of the proposed spectrum sharing technique in terms of QoS versus non-QoS enabled SBSs, single-band versus multiband enabled SBSs, and spectral efficiency and energy efficiency. Overall, it is found that the multiband QoS enabled SBSs provides the best capacity, spectral efficiency, and energy efficiency performances. Further, it is found that the spectral efficiency improves linearly with an increase in both the number of spectrum bands per SBS and the density of SBSs over the macrocell coverage. However, the energy efficiency improves largely for low values of Land is hardly affected by the number of spectrum bands per SBS irrespective of the value of L, i.e. the density of SBSs. Furthermore, an optimal value of L can be obtained by choosing a slope on the energy efficiency curve over the range of values of 0 ≤ L ≤ 100 to trade-off both the spectral efficiency and the energy efficiency and to reduce the cost from deploying and maintaining in-building SBSs. The value of L corresponding to the point of the slope defines the optimal value of L irrespective of the configurations of SBSs. Besides, it is shown that our proposed technique outperforms a number of existing techniques in terms of energy efficiency, spectral efficiency and average capacity per UE, and can surpass the requirements for spectral efficiency and energy efficiency of 5G systems. Finally, we point out research significance, challenges, and future research perspectives of the proposed system and spectrum sharing technique and possible solutions to address the challenges.
